Introduction
[2] Except near its bottom, the elastic structure of the lower mantle is nearly radially symmetric with lateral perturbations of 1% or less. Large anomalies in seismic velocities are observed in the deepest several hundred kilometers of the mantle (the D 00 layer). Since the origins of these anomalies were difficult to explain with the known properties of MgSiO 3 perovskite (pv), the D 00 layer has long been the most enigmatic region inside the Earth. The recent discovery of the MgSiO 3 post-perovskite (ppv) phase transition at P-T conditions expected near the core-mantle boundary (CMB) has very important implications for the nature and dynamics of this mysterious hidden layer. Since the first announcement of the discovery of ppv in April 2004 , rapid developments in mineral physics, seismology and geodynamics have taken place, resulting in a genuine revolution in our understanding of the lowermost mantle. This special section is an outcome of the International Workshop on the ''Post-perovskite phase transition in the Earth's deep mantle'' that was held during 3 -5 October 2005 in Tokyo (abstracts are found at the Visual Geosciences website).
[3] Many of the long-term enigmas in the lowermost mantle may be reconciled with this newly discovered ppv phase. However, simply by its very location, the D 00 layer is a thermal, chemical, and mechanical boundary separating a liquid iron core from the silicate rocky mantle, and one expects rich ''geology'' there. There should be a steep temperature gradient, which, depending on the heat flux from the core and the thermal conductivity of the materials, may be similar to or even greater than those in the lithosphere. Chemical heterogeneity is a natural consequence, and there should be large regionally varying strain-rates and correspondingly high but varying stress levels in that region. In view of the likely complexity in physical and chemical states, we summarize important unsolved problems in the lowermost mantle and future perspectives.
Origin of D
00 Discontinuity
[4] Recognition of the D 00 seismic discontinuity began with the work of Lay and Helmberger [1983] . Body wave studies frequently find a sharp positive S velocity jump between 100 to 300-km above the CMB. Murakami et al. [2004] showed that a phase transformation from MgSiO 3 pv to ppv occurs at approximately 125 GPa and 2500 K corresponding to 2700-km depth. The cause of the D 00 discontinuity is likely this ppv phase transition, because the transition pressure corresponds to the depth of velocity increase. However, there has been extensive debate on the accuracy of the experimental pressure scale (P-V-T equation of state). The phase transition boundary has been determined so far by using Au, MgO, and Pt pressure standards, in which the transition pressure differs by as much as 15 GPa Ono and Oganov, 2005; Hirose et al., 2006] . A pressure scale reliable at such high P-T conditions needs to be established. The phase boundary was also determined by theoretical calculations. These results are inconsistent by 10 to 20 GPa, mainly due to the difference between GGA and LDA calculations [Tsuchiya et al., 2004a; Oganov and Ono, 2004] . Consideration of compositional effects is also important. Hirose et al. [2006] demonstrated that the ppv phase transition in natural multi-component systems of pyrolitic mantle and MORB occurs at a pressure similar to that in pure MgSiO 3 .
[5] The sense of P and S wave velocity jumps at the D 00 discontinuity are in general agreement with the predictions of mineral physics, the P jump being much smaller than the S jump [Tsuchiya et al., 2004b; Iitaka et al., 2004; Oganov and Ono, 2004; Stackhouse et al., 2005] . The PdP phase is less commonly observed perhaps due to this much smaller jump in P velocity. However, the magnitude of velocity jumps observed is sometimes up to 3% for both P and S waves [Wysession et al., 1998 ], which is much larger than that expected from mineral physics. It is still uncertain whether the large observed PdP amplitudes (compared to mineral physics predictions) are the result of anisotropy, focusing by topography enhanced by lateral temperature variations, or the effect of chemical variations associated with slab fragments.
[6] Seismology has shown that the D 00 velocity jump occurs in a width ranging from 50 to 70-km [Young and Lay, 1987] , which corresponds to the pressure interval of 3 to 4 GPa. Both experiments and theory show that pv and ppv coexist over a much wider pressure interval in the presence of FeO or Al 2 O 3 [Mao et al., 2004; AkberKnutson et al., 2005] . The sharpness of the ppv phase transition in a multi-component natural system needs to be determined [Murakami et al., 2005; Ono and Oganov, 2005; Hirose et al., 2005] . On the seismology side, extracting the sharpness of the D 00 discontinuity requires careful analysis of the frequency dependence of reflections from broadband data, and has yet to be done with rigor even for the upper mantle phase transitions. Measuring this frequency dependence will require detailed modeling of all of the other frequency dependent effects of the waveform, including the source-time function and mantle attenuation and scattering, but is within the capabilities of current theory and observation.
[7] Theory first showed that the pv to ppv phase transition is a significantly large exothermic reaction [Tsuchiya et al., 2004a; Oganov and Ono, 2004] . This is generally consistent with the observations that an elevated D 00 discontinuity correlates with high velocities and evidence of deep slab penetration, and that the roots of large upwellings are associated with a depressed or absent D 00 discontinuity [e.g., Lay and Garnero, 2004] . In other words, the variations in the elevation of the D 00 discontinuity are roughly consistent with the Clapeyron slope of a ppv phase change, high temperature reducing its height, low temperature increasing its height. However, seismic imaging work suggests a much more complex character. In at least one location [Sun et al., 2006; Thomas et al., 2004] , the discontinuity has been imaged as a step occurring over lateral dimensions less than 50-km. Can such a step be consistent with a realistic lateral temperature variation? Or, is it more consistent with chemically-distinct remnant slab fragments?
[8] A double-crossing of the ppv phase boundary in D 00 was suggested by Hernlund et al. [2005] from an image of a deeper negative velocity discontinuity following the positive discontinuity between 100 and 300-km depth. The double-crossing can be induced by the strong temperature gradient in a thermal boundary layer, which moves the ppv phase region back into the pv field near CMB. Karato and Karki, 2001] . These anomalies include the anti-correlation between anomalies in bulk-sound velocity and S wave velocity, and the anti-correlation between density and S wave velocity anomalies. Similarly the ratio of S to P wave velocity anomalies is higher than that expected for a thermal origin. For these reasons, Karato and Karki [2001] and Masters et al. [2000] argued that there must be chemical heterogeneity in the D 00 layer. However, some of these observations could well be explained by the phase transformation from pv to ppv phase [Iitaka et al., 2004; Oganov and Ono, 2004] . Since the degree and the nature of chemical heterogeneity in Earth's mantle are key to understanding the chemical evolution of this planet, it is critical to distinguish phenomena that may arise as a result of chemical heterogeneity from that caused by a phase transformation.
[10] Another aid in distinguishing chemical from thermal heterogeneity is studying the nature of density heterogeneities in the D 00 layer. If there is anti-correlation between density and velocity anomalies, then it must be due to chemical heterogeneity. Ishii and Tromp [1999] found an anti-correlation between density and velocity anomalies in the D 00 region from the analysis of free oscillations. However, Romanowicz [2001] suggested that the resolving power of free oscillations is weak and ambiguous in the lowermost mantle, with the sign of dlnVs/dlnr being not well constrained. Based on waveform analysis, Garnero and Jeanloz [2000] provided some constraints on velocity and density anomalies in the D 00 layer. Similar analyses need to be conducted more extensively [Trampert et al., 2004] .
Possible Origins of Chemical Heterogeneities
[11] Subduction of basaltic crust gives rise to a strong chemical heterogeneity in the mantle. Former basaltic crust is denser than the average mantle at any depths except between 660 and 720-km . The density contrast is about 3% at the base of the mantle. Geodynamical simulations have demonstrated that basaltic crust tends to segregate from the rest of slab at the CMB and accumulate to form a dense layer [Christensen and Hofmann, 1994] . However, the seismic evidence for a basaltic layer at the CMB has never been reported yet. We need to know the difference in elastic properties between peridotitic mantle and basaltic compositions. The basaltic component may be distinguished by the velocity change at the D 00 discontinuity. It includes similar amounts of (Al,Fe)-bearing MgSiO 3 pv and SiO 2 phase, both of which undergo phase transitions near the D 00 discontinuity. These phase transitions have opposite effects on the seismic velocity change [Karki and Stixrude, 1999] .
[12] Partial melting would also cause significant chemical differentiation at the base of the mantle, which is suggested by a number of seismic observations of an ultra-low velocity zone [e.g., Lay et al., 1998 ]. One would expect that the melting should have been more extensive in the past when the temperature was higher. However, the chemical consequences of such a melting process are not known. Very little has been reported on the partial melt composition above 50 GPa. Part of the geochemical variations found in plume-related magmas could be formed by melting at the CMB . We need to obtain more data on the element partitioning in the deep mantle. The discovery of the ppv phase has made this even harder to achieve since we cannot just extrapolate from low-pressure experiments on pv.
[13] A chemical reaction between the mantle and the liquid outer core may form a chemically distinct layer at the boundary. If the bottom of the mantle is partially molten, the chemical reaction should occur very effectively. Recent experiments by Takafuji et al. [2005] imply that the reaction causes depletion of iron in the mantle. SiO 2 , FeSi, and FeO phases may also be formed at the boundary [Knittle and Jeanloz, 1991] , which would contribute to chemical heterogeneities in D
00
.
Seismic Anisotropy and Flow Pattern in the D 00 Layer
[14] A large but heterogeneous distribution of seismic anisotropy is also an important characteristic of the deep lower mantle. Regional variations to commonly observed vertical-transverse isotropy might be explained by a complex distribution of partial melt and slab-related materials [Kendall and Silver, 1996; Wookey et al., 2005] . In contrast, Karato [1998] proposed that the anisotropy is mostly caused by lattice-preferred orientation (LPO) of (Mg,Fe)O and that the heterogeneous distribution of anisotropy is due to the distribution of stress and strain in the mechanical boundary layer. Until spatially dense seismic observations in D 00 can be collected, we cannot conclusively separate shape-preferred orientation from LPO as the origin of D 00 anisotropy.
[15] The ppv phase appears to have a relatively large elastic anisotropy [e.g., Tsuchiya et al., 2004b] , although not as anisotropic as (Mg,Fe)O. The anisotropy caused by deformation of ppv depends on the deformation mechanisms, particularly the slip systems. Since the ppv phase has rather unusual elastic properties such as the large elastic constant for shear along the layering plane, i.e., (010), the prediction of the slip system is not straightforward. Oganov et al. [2005] predicted the [110]( 110) slip system to be the dominant one, while Cordier et al. [2005] found practically the exact opposite. A third slip system of [100](010) has been suggested by Miyajima et al. [2005] based on TEM observations on CaIrO 3 , and is consistent with slip between the octahedral layers. Merkel et al. [2006] presented new experimental observations on LPO in MgGeO 3 ppv at room temperature, but the relevance of room temperature data to D 00 is highly uncertain because LPOs in many minerals are known to change with temperature. The determination of nature of LPO and resultant seismic anisotropy will help us map out the flow pattern of materials in the D 00 layer.
Dynamics and Instability of D 00 Layer
[16] Both theory and experiments find the high positive Clapeyron slope for the ppv phase transformation (+5 to +11 MPa/K) [Tsuchiya et al., 2004a; Oganov and Ono, 2004; Ono and Oganov, 2005; Hirose et al., 2006] , which is opposite in sign and 4 times the magnitude of the postspinel transformation. From the Clapeyron slope and the density contrast, one expects that the role of the pv to ppv transformation is similar to the role of a negative Clapeyron slope at the 660-km discontinuity. The positive Clapeyron slope of the ppv transition can readily induce boundary layer instabilities at the D 00 layer [Nakagawa and Tackley, 2004] . Current tomographic images, however, show few but broad upwellings (two so-called ''superplumes''). One must employ some radiative thermal conductivity to stabilize the highly unstable boundary layer in order for large stabilized upwellings to emerge Yuen, 2005, 2006] . Alternatively grain-size dependent rheology [Solomatov, 1996; Korenaga, 2005] may also help to induce the growth of large plumes from the highly unstable D 00 layer. As a result of the proximity of the ppv phase transition to the CMB, new physical mechanism must now be invoked in order to model lower mantle dynamics.
[17] In terms of testing models, the resolution of seismic imaging needs to be improved. If the D 00 layer is highly unstable, we would expect a large number of small plumes. Some recent high-resolution tomographic studies show that these ''super-plumes'' indeed are composed of small plumes in some cases [Schubert et al., 2004] . Korenaga [2005] proposed a model to explain this incorporating the idea by Solomatov [1996] that viscosity of polycrystalline materials may increase as temperature goes up if grain-size is temperature dependent. Korenaga's [2005] model implies that a plume from the D 00 layer only entrains materials in the shallow portions. In contrast, a recent geochemical study of Hawaiian basalt suggests entrainment from the deep D 00 layer [Bryce et al., 2005] . The dynamics of plume initiation in the D 00 layer is critical in understanding the significance of geochemical anomalies.
